The effects of low magnitude vibrations on the base isolated building are analysed and discussed with reference to two particular structures. The first one is a complex structure, composed by two blocks of three floors, rising up from a common base deck, which is supported by the foundation beams by means of isolation devices. During a moderate intensity earthquake, higher modes were excited, pointing out their very irregular behaviour. In the second case, which regards a building having a hemispherical shape, with three floors plus an underground one, the data recorded under ambient vibrations revealed the significant contribution of the isolation system. In both cases, the experimental behaviour was quite different from the expected one and this should be accounted for when designing base isolation systems.
Introduction
Seismic isolation is based on the increasing of the fundamental period of vibration of the structure, so that during earthquakes the superstructure is loaded by low effects, which can be supported in the elastic range without any damage to the structure and its content (Skinner et al., 1993) .
Isolation devices, instead, are subject to large relative displacements, which certainly involve their nonlinear behaviour. This is mainly related to the rubber nonlinear constitutive law for the high damping rubber bearings (HDRBs) and to friction for sliders with plane or curved surfaces (SD and CSS, respectively) . So the actual behaviour of the isolation system depends strongly on the displacements that the devices exhibit during the quake. This occurrence should be accounted for in the design of isolated structures and detailed nonlinear analyses under earthquakes of different intensity should be considered (Park et al., 1986; Nagarajaiah et al., 1991; Constantinou et al., 1999) .
Usually, base isolated systems are designed with reference to the strongest earthquake expected at the site or having a very low probability of exceedance. Seismic codes allow the use of the linear analysis, independently of the earthquake actions, and equivalent characteristics, such as stiffness and damping, are used for the seismic check. The suitability of seismic isolation has been demonstrated also during recent earthquakes, when base isolated buildings exhibited an excellent behaviour, preserving the structures, the non-structural elements and their contents (Matsuda et al., 2012; Saito, 2015; Zhou et al., 2015) .
This procedure gives results on the safe side with reference to the design earthquake and the structure is certainly safe also for events of lower energy if the isolation system is put in action. Under very low intensity earthquakes, the isolation system could not be put in action or could behave in a way different from that assumed in the design (Abe et al., 2004a (Abe et al., , 2004b ; so the dynamic behaviour could be quite different from the expected one. In both cases the higher value of the stiffness determines higher accelerations, and so higher seismic effects in the structure. Moreover, in the first case, higher modes are activated, in which the superstructure have no displacements at its base.
It is worth noting that a higher stiffness of the devices at lower displacements is a necessary characteristic to avoid vibrations under very low energy inputs, such as ambient and traffic-induced vibrations. These are becoming the most used source of vibrations for the dynamic characterisation of structures. Ambient vibration analysis presents two advantages, both related to the low cost. The first is the use of natural excitations; the second is the possibility of carrying out operational modal analyses without interrupting the normal use of the structure. So only output tests are carried out, which require more detailed but not too expensive data analyses. Furthermore, the range of frequency content of ambient vibrations is usually wide enough and includes the range of interest for most of the structures.
Having said this, ambient vibration tests are not suitable for base isolated buildings. Actually, these are characterised by low resonance frequencies when subject to strong earthquakes but exhibit a different behaviour under low intensity dynamic actions, owing to the more rigid behaviour of the rubber at lower strains (Naeim and Kelly, 1999) .
This occurrence poses some problems in the dynamic characterisation of base isolated buildings, which can be carried out by means of the classic release test. This consists of giving an initial displacement to the structure along the assigned direction and releasing it suddenly in order to verify its fundamental period during free vibrations. A release test could have a significant cost, so it is used in practice only in few cases.
In this paper, two relevant cases relative to strategic buildings with HDRB isolation devices are presented and discussed.
The effects of a low intensity earthquake on the base isolated building of the new Jovine School in San Giuliano di Puglia are first analysed. The structure is composed by two buildings of three floors, which rise up from a unique base floor. This is supported by the isolation system, composed by 61 elastomeric isolators and 12 sliders, which transfers the actions to the foundation beams. The building was instrumented by means of an accelerometric network, which recorded some seismic events, one of which is considered in this paper.
The second case study is the Operative Centre of the Civil Protection Department in Foligno, a very particular base isolated building. The dynamic characterisation was performed in the framework of the seismic monitoring of the structure. The particular shape of the building and the deployment of the seismic isolation devices allowed pointing out the dynamic characteristics of the isolation system under very low intensity actions, characterised by stiffness and damping quite different from those assumed in the structural design.
Stiffness and damping of HDRBs
Base isolation with HRDBs has usually the effects of shifting the period of vibration to values for which the elastic acceleration response spectrum presents very low amplitudes and of increasing the dissipation. The first effect reduces the seismic action in the superstructure; the second one reduces both the accelerations in the superstructure and the relative displacements in the isolators.
The essential characteristics of the devices are deduced from cyclic tests, carried out with a fixed frequency (usually 0.5 Hz) and with different values of the maximum displacement. Figure 1 shows a typical force-displacement diagram obtained during dynamic tests. The equivalent stiffness K e , for each cycle, is given by:
where F maximum force in the cycle d maximum displacement in the cycle
G din elastic dynamic shear modulus
A area of the rubber bearing t e total height of the rubber.
If W d is the energy dissipated in one cycle, the equivalent damping is given by: As one can see, both the equivalent stiffness and the equivalent viscous damping vary very much from one cycle to the next. In Figure 2 , typical curves of the elastic shear modulus and the damping factor versus the shear deformation γ are plotted, both normalised with reference to their values corresponding to γ = 1.
It is clear that the stiffness is much higher for small deformations and reduces for large deformation. This represents a very suitable property, which guarantees the structure to respond rigidly to low excitations, like wind or braking forces. Analogously, the values of damping during low strain are usually much higher than those exhibited by the rubber for large strain (Yamamoto et al., 2009; Alhan et al., 2016) .
3 Effects of a low intensity earthquake on the new Jovine School in S.
Giuliano di Puglia
The new Jovine School in S. Giuliano di Puglia is composed by two buildings, called 'school' (left, west side) and 'university centre' (right, east side), respectively (Figure 3 ), which rise up from a unique base deck, seismically isolated from the foundations. This solution takes very good advantage of the global symmetry of the construction and respects the architectural design (Clemente et al., 2007a (Clemente et al., , 2007b . The decoupling between the horizontal motion of the structure and that of the soil is guaranteed by the very high stiffness of the elevation structure with respect to the stiffness of the isolation system. Successive studies demonstrated the suitability of the buildings in being used as strategic ones in case of earthquake or other natural disasters (Clemente et al., 2009) . The isolation system is composed by 73 devices, whose characteristics are shown in Table 1 . According to the Italian code, 20% of them were tested at the Structural Laboratory of the Basilicata University in Potenza. The deployment of the isolators ( Figure 4 ) allowed optimising the dynamic behaviour of the structure Buffarini, 2008, 2010) . In fact, in the first two vibration modes the structure just translates with a period of 2.19 sec. The seismic check was carried out by means of the response spectrum analysis, combining the effects of the two horizontal components of the seismic actions and accounting for the additional torsional effects according to the code prescriptions. The maximum displacement under the design earthquake is 240 mm. Maximum displacement (mm) 300 300 300
Damping ξ (%) -10 10
The structure has been instrumented by means of two triaxial, eight biaxial and eight monoaxial accelerometric sensors, connected to an acquisition system, which has a GPS receiver. The two triaxial accelerometer sensors are on the foundations, one under the school [NF1 in Figure In more details, the biaxial sensors A1 and A2 were deployed at the opposite corners of the school rectangular block and sensors A3 and A4 at the corners of the other portion of the same building. Analogously, the biaxial sensors A11 and A12 were deployed at the opposite corners of the rectangular block of the university centre and sensors A13 and A14 at the corners of the other portion of the same building. In all cases, sensors were fixed at the intrados of deck '0' just above the isolation system. Following the same scheme, the biaxial sensors A5 and A6 and the uniaxial sensors A7 and A8 were deployed at the intrados of the roof deck of the school building: Analogously, the biaxial sensors A15 and A16 and the uniaxial sensors A17 and A18 were deployed at the intrados of the roof deck of the university centre. To simplify the description of the analysis, we will refer to the number of the singular channel, also reported in Figure 5 .
Furthermore, a triaxial sensor was deployed on the soil quite close to the Jovine School, and another triaxial sensor was placed in the soil, 30 m below the previous one. These allowed analysing the properties of the seismic input and the soil amplification.
Recorded seismic event
On December 20th, 2013, a seismic event occurred with epicentre at a distance of about 11 km from the Jovine School site (Ml = 3.8, Lat. 41.667°, Lon. 14.823°, depth = 25.7 km). In Figure 6 , two time histories recorded on the foundation (ch13) and on the roof (ch07), respectively, are plotted. The maximum acceleration values were 1.7 cm/s 2 in foundation and about 4.0 cm/s 2 on the roof. The recordings show the amplification from the basement to the top, typical of buildings fixed at their base but not of base isolated buildings. In Figure 7 , the vertical components of the time histories at ch15 and ch30 are plotted in order to compare the arrival of the P waves at the two locations on the foundations. It shows a time delay of about 0.05 sec. In fact, owing to the size of the structure, a time shift in the wave propagation was to be expected. The arrivals of the P waves in foundation and at the roof are compared with reference to the two horizontal components for the school [ Figure 8 ) of the locations ch03-ch04 and ch01-ch02 on the base deck, and of ch09-ch10 and ch07-ch08 at the top of the school Figure 10 Particle acceleration (cm/s 2 ) of the locations ch18-ch19 and ch16-ch17 on the base deck, and ch22-ch23 and ch24-ch25 at the top of university centre
In order to analyse in detail the movements of the deck '0' and of the two buildings, the particle motion in terms of acceleration was plotted at the different sensor locations. In Figure 9 , the particle motions relative to the accelerometer locations in the school building are plotted. The acceleration of ch3-ch4 and ch9-ch10, placed at a central zone on the base deck and on the roof of the school, respectively, is almost equal in all the directions. On the contrary, the acceleration of ch01-ch02 and ch07-ch08, placed at the external corner on the base deck and on the roof of the school, respectively, shows a preferential direction for vibration, which is almost coincident with the longitudinal global axis (ch05 direction).
The same behaviour was found for the university building. In Figure 10 , the particle motions are plotted. The motion of ch18-ch19 and ch24-ch25, placed at a central zone on the base deck and on the roof of the university, respectively, is almost equal in all the directions. On the contrary, the motion of ch16-ch17 and ch22-ch23, placed at the external corner on the base deck and on the roof of the school, respectively, show a preferential direction for vibration, almost coincident with the ch05 direction.
In both cases, school and university, the analysis was carried out also with reference to the particle motion in terms of displacement at the same locations. The results confirmed those obtained in terms of acceleration. The different behaviour of the locations allowed pointing out the deformation of the base deck '0'.
The recorded acceleration time histories were integrated in order to obtain the displacement time histories and so the maximum displacements at each sensor location. Finally, the relative displacements between roof and deck '0' were obtained. Drifts between the top and the base deck were very low and correspond to negligible damage.
Frequency domain analysis
Owing to the complexity of the superstructure, the analysis in the frequency domain was performed in two steps. The ratios between the Fourier spectral amplitudes (FAS) of recordings obtained at different heights were first plotted, in order to individualise the most significant resonance frequencies. Then, the usual spectral analysis was carried out considering the cross spectral densities (CSD) between the couples of sensors of interest.
In Figure 11 , the ratios between the FAS of recordings obtained on the base deck '0' (ch01, ch03, ch02 and ch04) and those obtained on the foundation in correspondence of the school building (ch13 and ch14) are shown. The two main directions for the building, individualised by ch13 and by ch14, respectively, were considered. Amplification in both the directions is apparent at all the frequencies: peaks around 4.0 Hz, around 6.0 Hz and for values > 8.0 Hz are present. The spectral ratios between the FAS of recordings obtained at the top of the school building and those obtained on the base deck '0' are plotted in Figure 12 . The resonance frequencies both in ch13 and ch14 directions are apparent in the range 4.0-7.0 Hz. Similar consideration can be done with reference to the university. The ratios between the FAS of recordings obtained on the base deck '0' (ch07, ch09, ch08 and ch10) and those obtained on the foundation in correspondence of the university building (ch28 and ch29) are plotted in Figure 13 . The two main directions for the building, individualised by ch28 and by ch29, respectively, were considered. The spectral ratios between the FAS of recordings obtained at the top of the university and those obtained on the base deck '0' are plotted in Figure 14 . The resonance frequencies both in ch28 and ch29 directions are apparent. The spectra relative to the school and the university buildings pointed out the absence of a suitable filtering between the foundations and the base deck and so confirmed that the isolation system was not put in action and the isolation devices behaved as rigid links. It is worth noting that the fundamental frequencies of the isolated building, deduced from the finite element model in the design phase, were about 0.46 Hz, while the frequencies associated to the higher modes, related to superstructure dynamics were higher than 2.0 Hz. In both cases, the contributions of the non-structural elements were neglected. It is also important to underline that owing to the dynamic characteristics of the seismometer used, the recorded signal is lowered for values of the frequency < 1.0 Hz. Anyway, a suitable recovery was possible for values of the frequency > 0.5 Hz.
The two buildings showed very similar resonance frequencies, so the dynamic response of one of them could influence that of the other. This occurrence highlights an important aspect of the behaviour of so-called 'artificial ground', where more than one buildings share a single seismic isolated basic deck. This becomes a suitable way for the transmission of the resonance frequencies from one building to the others.
The identification of the modal shapes was quite hard due to the complexity of the superstructures. The values of the phase factors and coherence functions were often not significant, pointing out a likely nonlinear behaviour of the superstructure even under low magnitude vibrations. In Figure 15 , the phase factors for all the couples of recordings obtained from the horizontal sensors on base deck '0' and those in the same directions on the foundation are plotted. As one can see the phase factor keeps to zero up to 2.0-2.5 Hz and assumes non-significant values for higher values of the frequency. This occurrence could be related to the influence of the isolators in the wave propagation, which increases with the frequency. In order to individualise the main direction of the movement, the components at the same location were composed. The obtained time histories were analysed in the frequency domain and the Fourier spectra versus the angle of the acceleration component direction, measured with reference to ch13 and ch28 direction, respectively, are plotted in Figure 16 for the school building and in Figure 17 for the university building. Note: 0° corresponds to ch13 direction.
In the school building, the resonance frequency 4.0 Hz is present at ch07-ch08 location along the ch14 direction (Angle = 90°), while at ch09-ch10 location is apparent in the direction rotated by 40° with respect to ch13. In the university building, the resonance frequency 4.2 Hz is present at ch22-ch23 location along the direction rotated of 20° with respect to ch28 direction, while at ch24-ch25 it is present in the direction rotated by 160° with respect to ch28 direction.
Furthermore, the resonance frequency 5.8 Hz is present in the school building along the direction having an angle of 150° with respect to the ch28 direction. Note: 0° corresponds to ch28 direction.
Considerations
The analysis of the dynamic response under a low magnitude earthquake of the new Jovine School in San Giuliano di Puglia pointed out that the seismic isolation system was not put in action and the two buildings behaved as fixed at their common base deck. Anyway, the analysis of the phase factors between the accelerometric recordings obtained on the base deck and those obtained on the foundations demonstrated that the presence of the rubber isolators influenced the wave propagation. The analysis of the rotate spectra showed that the main resonance frequencies are associated to complex movements of the superstructures. Three structural resonances were found, 4.0, 4.2 and 5.8 Hz, respectively, all associated to vibration modes of the superstructure. The study of the particle motion at the different sensor locations revealed the deformability of the base deck, which could influence very much the structural behaviour under strong earthquakes.
It will be very important to compare the results here shown with those that will be obtained during events of different magnitude and epicentre distance.
Ambient vibration analysis of the civil protection operative centre building in Foligno, Umbria
The second case study refers to the building that hosts the Operative Centre of the Umbria Civil Protection in Foligno (Costantini et al., 2007) and has a very interesting architectural design with a hemispherical shape. The building has four storeys above the ground level and an underground storey (Mezzi et al., 2004) . The superstructure is formed by ten arch elements equally spaced along the perimeter and with the springing at different heights (Figure 18 ). One is connected to a ring beam at the top of the building; the other is connected to a lower ring beam at the first floor. The arches are connected also by two other ring beams corresponding to the floors.
A prestressed concrete cylinder, containing all the facilities, is suspended at the top ring. It is connected to the other floors and continues down in the underground floor without other supports. The first floor, at the diameter plane of the dome, is composed by a ribbed plate.
The superstructure is supported by ten isolation devices, which transfer the loads to the foundations, located under the lower springing of the ten arches. These are composed by concrete plinths supported by four piles. The height of the building is 22 m, the diameter at the base is about 31 m. The isolation devices are HDRBs (diameter Φ = 1,000 mm, horizontal stiffness K e = 1,310 kN/m, damping factor ξ = 10%), which determines a fundamental frequency of the isolated structure of about 0.38 Hz.
Instrumentation, configurations and tests
A permanent seismic monitoring system, composed of 12 accelerometers, has been installed in the building. It was tested by recording ambient vibrations. With this purpose also, a temporary array was used. It consisted of 15 seismometers Kinemetrics SS-1 (frequency = 1.0 Hz) connected to a Kinemetrics granite acquisition system and was deployed as follows ( Figure 19 ):
• Three seismometers (S01, S02 and S03) were on the basement, under the isolation system; their records could be assumed as input to the building even they are influence by the dynamic response of the building itself [ Figure 20 (a)].
• Nine seismometers were on the first floor, just above the isolation system: three of them in the vertical direction (S04, S05 and S06), three in x direction (S07, S09 and S14) and three in y direction (S08, S10 and S13) [Figure 20(b) ]; sensors on the first floor were deployed by removing the internal floating pavement and putting them directly on the concrete slab.
• Three seismometers were at the top of the building in the centre of the dome: two in the horizontal directions (S11 in x direction, S12 in y direction) and one in the vertical direction (S15). Note: Seismometers S01, S02 and S03 were on the basement inside the building; seismometers S04 to S10, S13 and S14 were on the first deck above the isolation system; seismometers S11, S12 and S15 were at the top of the building.
Ambient vibrations were recorded with a sampling ratio of 200 samples/s (Δt = 0.005 s). Data were compared with those of the accelerometric network; this aspect is out of the scope of this paper. 
Data analyses
For the purpose of this paper, the results of the frequency domain analysis are shown. Figure 21 shows the power spectral densities (PSD) of the records on the basement. These give an idea about the input to the building but are also influenced by its dynamic characteristics. 
A resonance frequency at 1.94 Hz is apparent in the horizontal directions (S01 and S03), while a peak at 2.67 Hz is present in the vertical direction (S02). In Figure 22 , the PSDs of recordings S07 and S09 in x direction are plotted as well as the corresponding cross spectrum in terms of amplitude (CSD) and phase factor with the related coherence function. Analogously, in Figure 23 are the PSDs of recordings in y direction, S08 and S10, as well as the corresponding cross spectrum in terms of amplitude (CSD) and phase factor with the related coherence function. 
The spectral and cross-spectral analyses pointed out the resonance frequencies discussed in the following. The first resonance frequency is at 1.94 Hz, which is present in all the spectra but especially in those relative to sensors in y direction. Spectral amplitudes are almost similar at all the locations included those at the top of the building, showing that the superstructure moves as a rigid body at this frequency. The cross analysis allowed stating that it is associated to a translational mode. Sensors S04 and S06 are 180° out of phase at this frequency, pointing out a possible rocking movement.
The second resonance frequency, at 2.60 Hz, is associated to a torsional mode, as the phase factor analysis pointed out. In fact, recordings at S07 and S09 are 180° out of phase at this frequency ( Figure 22 ) and recordings at S08 and S10, which are oriented in opposite directions, are in phase (Figure 23) .
The third resonance frequency is at 8.80 Hz, and is associated to a vertical motion, also present in the spectrum of S15 at the top. 
Other amplifications are present at 4.40 Hz and 5.20 Hz. The value of the phase factor of the cross spectrum between S07 and S09 as well as that between S08 and S10, seem pointing out a possible torsional rotation. Actually, the coherence function is quite low at these frequencies, so the response to these frequencies should be analysed in more details also with future recordings. Finally, the cross analysis between S06, which is in the vertical direction on the first floor, and S12, which is in the horizontal direction at the top (Figure 24) , pointed out a possible rocking movement at both the frequencies 1.94 and 8.80 Hz. In fact, the peak is apparent and the two signals are in phase. The equivalent viscous damping associated to the first frequency 1.94 Hz, estimated by using the half power bandwidth method, had values comparable with those of the rubber bearings during strong vibrations.
Considerations
The ambient vibration analysis of the Civil Protection Operative Centre Building in Foligno, Umbria, allowed the clear individualisation of two resonance frequencies of the seismic isolated structure, at 1.94 Hz and 2.60 Hz, respectively.
The first one is associated to a translational modal shape, the second to a torsional one. In both cases the superstructure moves like a rigid body. Actually, both the values cannot be associated to deformed shapes of the superstructure and can be interpreted as relative, respectively, to the translational and rotational movement of the rigid superstructure above the isolation system.
With particular reference to the torsional frequency, taking into account the mass and torsional inertial characteristics of the building, the stiffness corresponding to the observed frequency is about 1.5 times the theoretical one, which can be calculated from the properties assumed in the design. This occurrence translates in a value of the shear modulus G, higher than that under the design displacement, which is consistent with the usual behaviour of rubber.
The level of excitation being very low, the results can be assumed as demonstration of the initial dynamic behaviour of the isolated building under seismic actions.
Conclusions
Two case studies of experimental analysis of base isolated buildings under low magnitude vibrations have been shown in this paper. In both cases, the devices consisted in HDRBs, placed under the columns, and the dynamic behaviour was influenced by the higher stiffness of the bearings at low vibrations.
In the first case, that of the new Jovine School in San Giuliano di Puglia, the behaviour of the isolated building under low intensity earthquakes was governed by the dynamic characteristics of the superstructures. The analysis pointed out the presence of three structural resonances equal to 4.0, 4.2 and 5.8 Hz, respectively. The influence of the rubber isolators on the wave propagation was also pointed out by means of the comparison between the accelerometric recordings at the base deck and those on the foundations in terms of phase factor. The rotate spectrum analysis showed that the main resonance frequencies were associated to complex movements of the structure. The study of the particle motion at the different sensor locations pointed out the deformability of the base deck, which can influence very much the structural behaviour under strong earthquakes.
All these occurrences will probably be hidden during strong events. In any case, the comparisons with the results during events of different magnitude and epicentre distance will be important.
Quite different was the behaviour of the Civil Protection Operative Centre Building in Foligno. In this case, the dynamic characteristics of the superstructures, characterised by very high values of the resonance frequencies, could not be put in evidence under ambient vibrations. Therefore, the resonance frequencies, apparent in the spectra, are to be associated to vibration modes of the isolation system, while the superstructure behaves as a rigid block. Also in this case, the comparisons with the recordings obtained during events of different magnitude and epicentre distance will be important.
The effects pointed out in both cases should be taken into account when designing seismic isolation systems.
